A few tens of blazars have been recently detected in the high-energy y-rays by the EGRET telescope on the Compton Gamma-Ray Observatory (GRO) (von Montigny et al. 1995) and two BL Lacs, Mrk 421 and Mrk 501, have been detected in TeV y-rays by the Whipple Observatory (Punch et al. 1992; Quinn et al. 1996 ). An interesting feature of these discoveries is that the y-ray emission often has the form of huge outbursts which are probably superimposed on a lower level steady emission, already detected from some sources (e.g. 3C279; Maraschi et al. 1994, Mrk 421) . A typical variability time-scale of the EGRET sources extends from months to even a day (in the case of 3C 279, QSO 1633 + 382, PKS 0528 + 134, von Montigny et al. 1995) . The order of a)dayvariability at TeVy-rays has been also observed in Mrk 421 (Kerrick et al. 1995; Macomb et al. 1995) and Mrk 501 (Quinn et al. 1996) . These observations suggest that not only the energy generation mechanism but also the radiation mechanism responsible for the produc~ tion of such photons has to be probably engaged very close to the central black hole, e.g. in the inner accretion disc or the black hole magnetosphere, even if we assume that the y-rays are produced in a relativistic jet with a Lorentz factor of the order of 10.
Two general scenarios are usually discussed in the literature as a possible explanation of these observations. The first one, called the 'slow jet' model, assumes that particles are accelerated by a relativistic shock moving along the jet. The particles produce y-rays in processes that require the presence of a magnetic field (Maraschi, Ghisellini, Celotti 1992; Mannheim & Biermann 1992; Bloom & Marscher 1993; Ghisellini 1993; Zdziarski & Krolik 1993) or an external soft photons (Dermer & Schlickeiser 1993; Bednarek 1993a; Ghisellini & Madau 1996) . The second scenario called the 'fast jet' model, bases on the suggestion that the particles may be accelerated linearly by large-scale electric fields induced by an accretion disc (Lovelace 1976; Blandford 1976) or a black hole (Blandford & Znajek 1977) rotating in a magnetic field that is predominantly parallel to the disc rotational axis. More recently, the possibility of induction of huge electric potential drops in active galaxies as a result of a magnetic reconnection in the accretion disc (Haswell, Tajima & Sakai 1992) or in the disc corona (Lesch & Pohl 1992 ) is considered as well. The possible production of y-rays in models that apply this type of particle acceleration, but different radiation mechanisms, has been discussed even before the Compton GRO discoveries (e.g. Burns & Lovelace 1982 , Lovelace 1987 , Melia & Konigl 1989 . Recently such a general scenario has been considered in the context of y-ray emission from blazars by Coppi, Kartje & Konigl (1993) , Bednarek & Kirk (1995) and Bednarek, Kirk & Mastichiadis (1996a, b) . It is difficult to decide at present stage of knowledge which general picture is realized in blazars. However, the very short variability time-scales of y-ray emission mentioned above seem to favour the 'fast jet' scenario because in principle particles can be faster accelerated by the DC electric fields close to the black hole than by a shock further along the jet. Moreover, observations of the intraday variability in some active galactic nuclei (AGNs) allows us to constrain the jet Lorentz factor in the range ~ 30-100 . It suggests that a part of the jet which is closer to the central engine may be even faster, in accordance with the 'fast jet' model. In this paper we discuss possible consequences of the DC acceleration of particles in the reconnection zones close to the accretion disc, applying the model proposed by Haswell et al. (1992) . It is assumed that the linear accelerator envisaged in this model has a certain radius of curvature and that the energy losses of accelerated particles are dominated by the curvature process but not by the inverse Compton losses in the disc radiation, at least in the initial stage of the magnetic reconnection. We discuss the conditions for that to occur and compute the energy losses of accelerated particles on curvature radiation in Section 2. It is shown that in some cases the acceleration of particles can be saturated by the curvature energy losses. As a consequence, particles move with the equilibrium Lorentz factor, very efficiently converting the energy extracted from the electric field directly to extremely high energy y-rays. In Section 3, we consider the quantum synchrotron e ± pair cascade initiated by these curvature y-rays in the disc/jet magnetic field and compute the spectrum of emerging y-rays by using the Monte Carlo method. Note that such a general mechanism has been already applied in the context of the neutron stars as a possible explanation of y-ray production in radio pulsars (e.g. Daugherty & Harding 1982 ) and y-ray bursts (e.g. Sturrock, Harding & Daugherty 1989 , Smith & Epstein 1993 . When the cascade saturates, the process of y-ray absorption in the disc radiation determines the escape conditions of photons above the threshold for e ± pair production. The optical depth for cascade y-ray photons in the disc radiation is computed and modification of the cascade y-ray spectrum caused by this absorption process is discussed in Section 4.1. The secondary e± pairs from absorption of y-rays cool predominantly by a synchrotron process producing a second generation of y-rays. If the disc temperature is high enough, a part of the secondary y-rays is further absorbed creating tertiary e ± pairs. These pairs produce tertiary y-rays which escape unabsorbed (Section 4.2). The schematic representation of the processes mentioned above is shown in Fig. 1 . The relevance of the discussed model to the huge y-ray outbursts observed in blazars is discussed in Section 5.
ENERGY LOSSES OF PARTICLES DURING EXPLOSIVE ACCELERATION IN THE RECONNECTION ZONES
According to the model of Haswell et al. (1992) electrons and protons can be almost linearly accelerated in the electric field that is induced as a result of explosive magnetic reconnection in or just above the inner part of the accretion disc. The magnetic field is twisted in the disc by the disc differential rotation and can be magnified from Bo ~ 3 X 10 3 G up to the value of the order of ~ 10 6 G. If the central black hole (BH) mass is of the order of 10 7 Mo and the reconnection zone is of the order of the disc inner radius Iree :::::; 3 X 10 12 cm, then the induced electric field can be E f :::::; 10 8 V cm -1, which gives the total available potential drop of ~ V :::::; 3 X 10 20 V cm -1 (Haswell et al. 1992) , and the maximum possible Lorentz factor of particles
The basic question of such a picture of particle acceleration concerns the problem of particle energy losses during acceleration process. Further we consider the energy losses of particles (electrons, protons) on: (i) the disc radiation field which can be locally described by the black body spectrum; (ii) the curvature radiation provided that the magnetic field in a reconnection region is not exactly straight but it has a certain constant curvature s.
Energy losses in the disc radiation
If the electric field is strong enough, the electrons accelerated by the DC electric field can develop electromagnetic cascades through production of y-rays in the inverse Compton scattering of soft disc radiation and through e ± pair production in collisions of y-rays with soft photons, or directly by accelerated electrons in a triplet e ± pair production process. The products of such a cascade can saturate the electric field on the front of the cascade creating a bunch of e± plasma as discussed by Bednarek & Kirk (1995 B,!'\tC (I) .' scurv Disk Figure 1 . Schematic picture of the cascade developing in the magnetic field of the central region of the active galactic nucleus. The curvature y-rays (Ycurv) are produced in the region (I) by relativistic particles accelerated in the electric field which is induced by the magnetic reconnection occurring in the accretion disc or the disc corona. The radius of curvature of the reconnection region is marked by Scurv' These curvature y-rays initiate the synchrotron e ± pair cascade in the magnetic field of the jet above the accretion disc [region (II)]. The cascade y-rays (Yeas) interact with the soft disc radiation (8d;sc) and produce secondary e ± pairs (esec) in the region (III). The secondary e± pairs cool in the jet magnetic field and produce the secondary y-rays (Ysec). The most energetic secondary y-rays can be also absorbed in the disc radiation creating the tertiary e± pairs (e,er), which cool by, synchrotron process as well. The soft tertiary y-rays (Y,er) are below the threshold for e ± pair production in collisions with disc photons and escape unabsorbed. The geometries of the magnetic field in specific regions are marked by B,B.c andB Ii • strong electric fields (very high energies of electrons) the process of triplet e± pair production dominates the formation of the bunch and the saturation of the electric field. In the model discussed by Haswell et al. (1992) , this process prevents the acceleration of electrons to energies corresponding to the total potential drop provided that the bunch is able to form on a path shorter than Irec. The approximate condition for that can be obtained following Bednarek & Kirk (1995) and is expressed by Iree ;;::: 100A..rip,
where A..riP ~ (0' tripnbb) -I, nbb is the density of soft disc photons which we assume to be quasi-isotropic on the disc surface, and a/rip ~ aT/50 (Mastichiadis 1991) , where aT is the Thomson cross-section. Equation (2) allows us to obtain the limit on the local disc temperature T for which the electric field will be saturated in a cascade initiated by the injected electrons
where T is in Kelvin and I rec in cm.
If the protons are injected into the electric field, they start to produce efficiently e ± pairs in collisions with the disc photons when (4) where A.py _e± ~ (O'py_e±nbb)-I, O'py_e± ~ 10-26 cm 2 is the average cross-section for proton-photon e ± pair production far away from the threshold (Maximon 1968; Chodorowski, Zdziarski & Sikora 1992) . This is equivalent to the limit on the local disc temperature T;;::: T p1 . e ± ~ 1.8 X 10 8 /':;c l /3.
This condition is less restrictive than that one derived previously for electrons (equation 3) which means that the saturation of the electric field by pairs produced in proton collisions also needs the temperatures of radiation above Teye±. For the temperatures in the range between Tpye±, protons produce only a few e ± pairs which are not able to saturate the electric field since the condition given by equation (2) cannot be fulfilled. However, the energies of protons are not significantly influenced by the e ± pair production losses because the inelasticity coefficient on proton-photon e ± pair production is small (kpy _ e ± ~ 2 x 10-3 in maximum).
The e ± pairs can be also injected into the electric field as products of a decay of charged pions which are in tum produced in collisions of protons with the disc photons. This process will become important if (6) where A.pr_x~(O'py_xnbb)-I. O'py_x~3xlO-28cm2 is the average cross-section for photon-proton pion production (Particle Data Group 1990). The above condition gives the limit on the local disc temperature for which this process can occur (7) For the disc temperatures in the range between Tpyx and Teye±, the protons suffer strong energy losses on pion production since the inelasticity coefficient for this process is high (kpy _ x ~ O.3).Above Teye± the proton acceleration becomes inefficient because of saturation of the electric field by the secondary e ± pairs from the decay of charged pions.
Since the energies of particles in the model of Haswell et al. (1992) are extremely high (~10 21 eV), the curvature radiation can also become an important process of particle energy losses. It may become the dominant mechanism of energy losses if the local disc temperature is less than Teye± (for injected electrons) or T pyx (for injected protons). Further we concentrate on such cases.
Energy losses on curvature radiation
The characteristic radiation length of relativistic particles on curvature radiation is defined by (8) where mec 2 is the electron rest mass, I' is the Lorentz factor of the particle and Peur(MeV cm-I )=2eV(3s 2 )-1 ~ 9.6 x 1O-14 ls-2 cm is the energy loss rate in curvature radiation (Jackson 1975) .
The curvature energy losses become important during acceleration of particles if which occurs for particles with the Lorentz factor Y~Yloss ~ 1.7 x 104s2/3Ir~e1/3.
(9) (10)
Since the particles during acceleration in the reconnection region suffer energy losses on curvature radiation and energy gains from the electric field we should expect that they can move for some part of their acceleration path with the equilibrium Lorentz factor Yeq' which is defined by the balance between energy losses and gains (Peur=Ef ). This definition is analogical to that one discussed in the model by Bednarek & Kirk 1995 (see also Bednarek et al. 1996a ) in which we balance the energy gains of relativistic particles from the electric field with their energy losses on the inverse Compton scattering in the soft disc radiation. The equilibrium Lorentz factor defined in the present model is given by Yeq~5fu°, sE~·25, (11) where S is in cm and E f in V cm-I .
The particles move with the equilibrium Lorentz factor on the dominant part of their acceleration path (Iree) if the maximum possible Lorentz factor obtained in the reconnection zone (equation 1) is much higher than the equilibrium Lorentz factor (Ymax» Yeq). The comparison of these two values of the Lorentz factors gives the limit on the radius of curvature of the reconnection region, which is S «seq ~ 1.6 x lO-17E:·SI~e.
From another side, the comparison of Ymax with the electron Lorentz factor for which the curvature losses becomes important (Ymax ~ Yloss), puts a limit on the curvature radius for which the losses determines the acceleration of particles. This value is given by (13) The above considerations allows us to distinguish the following three different cases.
(i) s« Seq -particles move for most of their path in the reconnection zone with the equilibrium Lorentz factor Yeq defined by equation (11).
(ii) Seq <s <Sloss -particles are not able to achieve Yeq but their losses during acceleration are significant. The essential part of the electron energy reached during acceleration is converted into the curvature radiation.
(iii) S > Slo~, -particle energy losses are negligible. Particles will obtain the energy corresponding to the full potential drop in the reconnection zone.
In the model that we consider here typical values of the parameters are E f = 10 8 V cm-t, and Iree=3 x 10 12 cm (Haswell et al. 1992) . It gives Seq ~ 1.5 X 1020 cm, and Sloss ~ 1.3 X 10 22 cm. Since these values are much higher than those ones that we intend to consider in this paper, in further discussion we concentrate only on the case (i).
The characteristic energy of curvature photons produced by particles that move with the equilibrium Lorentz factor can be estimated by applying the formula
After including equation (11) into this formula we obtain
The curvature photons, after emerging from the reconnection region, pass through the magnetic field of the jet. These photons, which on some part of their path through the magnetic field fulfil the condition,
where B 1. is the component of the magnetic field perpendicular to the photon direction and B er =m;c 3 (eIi)-I= 4.414 X 1013 G, initiate the electromagnetic cascade through the magnetic e ± pair production and synchrotron processes. X = 0.05 corresponds to the mean free path for the y-ray photon in the magnetic field Bo = 10 3 G of the order of ~ 1025 cm, which is much longer than a typical distance scale considered in this picture. The above condition (equation 16) puts a limit on the value of curvature radius of the acceleration region, which is
For the parameters applied previously, E f = 10 8 V cm-I and B 1. =Bo=3 X 10 3 G, Seas ~4 X lOIS cm. This is much less than the curvature radius derived from the condition of achieving the equilibrium Lorentz factor (equation 12). The curvature 1'-rays initiate the e ± pair cascade in the magnetic field if the curvature radius of the magnetic field is in the range given by equations (12) and (17).
CASCADE INITIATED BY CURVATURE PHOTONS IN THE JET MAGNETIC FIELD
In the model considered here, it is assumed that all particles move through the reconnection region with a constant Lorentz factor. They produce curvature photons with the differential photon spectrum that can be written in the form (Jackson 1975) 
cliEy Eeur
where the function k(x) is defined as
and KS/3 is the Bessel function (see Abramowicz & Stegun 1972) . The curvature y-rays, after emerging from the reconnection region, meet on their way the magnetic field with the perpendicular component whose dependence on the propagation distance 'x' is in fact unknown. We assume the simplest possible case that the perpendicular component of the magnetic field above the disc, measured in the reference frame which is at rest with the central black hole, drops according to
where Xo is the initial distance which we take as equal to Irec in further considerations. In order to avoid additional complications we neglect the longitudinal component of the magnetic field along the jet. Although it is important for the collimation of radiation of the cascade, it does not influence the general radiation features of the discussed model. We assume moreover that only these y-ray photons, which fulfil the condition given by equation (16), can create e ± pairs in the magnetic field. The e ± pairs can emit the high-energy synchrotron y-rays which then produce the next generation of e ± pairs, supporting the development of an electromagnetic cascade. To obtain the spectrum of y-I"ays from such a cascade we divide the part of the curvature y-ray spectrum, which fulfils the condition given by equation (16), into small increments with the width of 0.1 per decade. The number of photons within every increment has been obtained from (20) where Ey,n is the photon energy characteristic for nth increment. The photon energy is taken from the middle of this increment.
The Monte Carlo method has been applied in order to follow the cascade initiated by the representative member of every increment with the energy Ey,n. The y-ray spectrum formed in the cascade is obtained by summation of cascades initiated by representative photons of specific increments and weighted by the number of photons in these increments Ny,n. The y-ray spectrum formed in the cascade is obtained by summation of cascades initiated by representative photons of specific increments and weighted by the number of photons in these increments Ny,n.
Monte Carlo simulations
Here we describe the method which has been used in order to trace the cascade initiated by a single photon with energy E y• The distance 'x' on which the y-ray photon converts into the e ± pair has been chosen in the following way. In the case when the y-ray photon propagates through the inhomogeneous magnetic field, 'x' is obtained by solving numerically the following equation (21) where PI is a random number. AYB~e± is the reciprocal of a e ± pair production rate by a single y-ray photon with energy E" in the magnetic field B: A;B:'e± (Ey, B) =2fl Re± (e, E y, B) de, 0.5 (22) where e = ymc 2 E; \ and y is the Lorentz factor of the created electron or positron. Re± (y, E y, B) is the production spectrum of pairs by the y-ray photon with energy E" (see © 1997 RAS, MNRAS 285, 69-81 Gamma-ray production in blazars 73
Figure 2. The reciprocals of the rates for e ± pair production by a single y-ray photon in the magnetic field, and for the synchrotron photon production by an electron (positron). The rates are divided by the value of the magnetic field strength and are given as a function of the parameter X" or Xe±. Mikhalev 1986 , Baring 1988 . It can be given in the form
where Xy=E,Bc(mec2)-I, Be =BB;; I, Ac is the Compton wavelength, IX is the fine structure constant, K2!3 is the Bessel function, and
The dependence of AYB~e± on the parameter Xy for fixed value of the magnetic field is shown in Fig. 2 .
In the case when the y-ray photon propagates through the quasi-homogeneous magnetic field,! the distance 'x', on which conversion of the y-ray photon into an e ± pair occurs, is assumed to be (24)
I The condition that the magnetic field be seen by the y-ray photon as quasi-homogeneous is the following. Let us compute the magnetic field at a place of the photon production XI and the mean free path for this photon Al (equation 22). Then we compute the magnetic field at a distance X, + Al and the mean free path J., for this photon at this distance. The magnetic field is considered as quasi-
The cases of the inhomogeneous and the quasi-homogeneous magnetic field have been distinguished in order to save computing time.
The Lorentz factor YI of one member of an e ± pair created by the y-ray photon is sampled randomly from the spectrum of e ± pairs created in this process (given by equation 23) after its normalization to the total rate of e± pair production (equation 22). YI has been found by solving
where Pz is a random number. The values on the right-hand side of equation (25) are tabulated and Yl has been obtained from their interpolation after choosing Pz' The positron takes the rest of the photon energy and has the Lorentz factor Yz=El'(mecZ)-l-YI' The e ± pairs created in the process discussed above lose energy in synchrotron radiation. Depending on their Lorentz factors Yl and Yz, the synchrotron cooling of e ± pairs occurs in either the classical or the quantum domain. We separate these two cases by checking the conditon for each member of an e ± pair Xe± = Yt,zBc < > 0.05. (26) The e ± pairs which fulfil the condition Xe± < 0.05, cool completely in the classical domain. The y-ray spectra from the total cooling of these mono-energetic pairs can be computed following the formula (Tademaru 1973; Brainerd & Lamb 1987): (27) which is valid for El'« lieByi,z(mec)-I. At higher energies the spectrum cuts off exponentially.
The e ± pairs produce the y-pairs in the quantum domain if their Lorentz factors fulfil the condition Xe± > 0.05. This next generation of y-rays can further convert to e ± pairs, sustaining in this way the development of an electromagnetic cascade. We randomly chose.the distance 'z' at which the synchrotron photon is emitted in a way similar to that described for an e± pair production by the y-ray photon. The cases of inhomogeneous and quasi-homogeneous magnetic field have been distinguished as previously. If the magnetic field has to be considered as inhomogeneous the distance 'z', at which the synchrotron y-ray is emitted, is obtained by solving
where Ae-±~_.< is the reciprocal of the production rate of synchrotron photons by a single electron (positron) in the quantum domain
where e Yt,2' B) is the quantum synchrotron production spectrum, given by Sokolov & Ternov (1968 , see also Brainerd & Petrosian 1987 , Baring 1988 ), which we write for our purpose in the form with 2e
=E).(mec 2 YI,2)-I. R).(e,
The dependence of Ae-±~_l' on the parameter Xe± for a fixed value of the magnetic field is shown in Fig. 2 .
If the pairs propagate through the quasi-homogeneous magnetic field the distance 'z', in which the production of synchrotron y-ray photon occurs, is assumed to be
The energy of the y-ray photon emitted by an electron (positron) is sampled randomly from the quantum synchrotron photon spectrum (given by equation 30), after its normalization to the total rate of the synchrotron y-ray production in the quantum domain (equation 29) (32) The pairs, which are below the threshold for the production of y-ray photons in the quantum domain (given by equation 26), are removed from the cascade loop and the spectrum of y-rays from their complete cooling in the classical domain is obtained (following equation 27). The complete cooling y-ray spectrum is stored and added to the synchrotron spectra from complete cooling of other secondary pairs. The pairs which fulfil the condition, Xe± > 0.05, are recognized as potentially able to contribute further in the cascade process. The random numbers are generated for every electron (positron) and if the particles fulfil the condition for the production of sychrotron y-ray in the quantum domain, the process of selection of energy of a synchrotron is performed. The pairs which are not able to fulfil these conditions (there is no distance 'z' fulfilling the condition given by equation 28, or it is above the assumed maximum propagation distance ~max' in which the cascade can develop) are considered as removed from the cascade process and the synchrotron spectrum from their complete cooling in the classical domain is computed. These synchrotron photons are added to the store of the complete cooling spectra of other pairs.
A similar procedure is applied to the secondary y-ray photons produced in the cascade. Photons are separated depending on the condition Xl' ~ 0.05. If X)' < 0.05, they are considered as removed from the cascade and stored as the final cascade y-rays. For the others, the random numbers are generated (marked by PI) and the conditions given by equations (21) or (24) are checked. If the distance 'x' can be computed for each individual y-ray, the e ± pair of the next generation is produced and the energies of each member of the pair are sampled from equation (25). These y-rays, which are not able to fulfil the conditions given by equations (21) or (24), are added to the final cascade y-rays. The cascade is saturated if all the secondary y-rays and e± pairs fulfil the conditions X" < 0.5, Xe± < 0.05.
Results of Monte Carlo simulations of the cascade initiated by a single y-ray photon
At first the simulations of the cascade in the quantum domain initiated by a single primary y-ray photon with different energies E " have been performed assuming that the magnetic field is constant and that the cascade saturates completely. The secondary photons and e± pairs, produced in the cascade per one primary y-ray photon, were sorted into bins with the width of 0.2 decade in energy. In Fig. 3 we present the results of simulations of the cascades in the magnetic field Bo = 10 3 G by the primary photons with energies: Ei,rim= 10 12 , 3 x lOll, lOll, 3 X 10 10 , 10 10 and 3 x 10 9 MeV. These energies correspond to the values of Xy ~ 45, 15 ,4.5, 1.5, 0.45 and 0.15. Fig. 3 shows the average values of the secondary y-rays which are based on: 75 simulations for E y =3 x lOll and 10 12 MeV. The histograms containing secondary photons (full lines in Fig. 3 ) resembles the spectrum of curvature radiation. For small values of Xr the final photon spectra from the cascade show strong fluctuations. The histograms containing secondary e ± pairs, produced in the quantum domain of the cascade (dashed lines in Fig. 3) , are limited to the small energy range centred at ~ 10 9 MeV. This energy is determined by the condition Xe± < > 0.05, which separates the cooling of pairs in the quantum and classical domains.
The secondary cascade e± pairs, for which Xe± < 0.05, cool locally in the magnetic field by emitting y-rays in the classical domain. In order to compute the spectra from complete cooling of these pairs we use the formula given by equation (27) . The spectra of y-rays from complete cooling 
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of the secondary pairs, which are produced by the primary y-ray photons with different energies, are marked in Fig. 4 by the dashed lines. The input parameters applied in these simulations are the same as used in Fig. 3 . The spectra of y-rays from the cascade produced in the quantum domain of the cascade are marked in Fig. 4 by the dotted lines. As expected these cascade spectra dominate at higher energies. The overall spectrum has the spectral index close to 1.5 with the exponential cut-off from the site of higher energies.
Results of Monte Carlo simulations of the cascade initiated by a curvature spectrum
The Monte Carlo simulations of the cascade initiated by a curvature photon spectrum have been performed assuming that the magnetic field in the jet above the reconnection region is inhomogeneous, and it has the form given by equation (19). The maximum distance on which we analyse the development of the cascade has been taken as Xmax = 10 17 em which is much higher than the typical distance scale on which the cascade saturates for the discussed parameters. In numerical simulations, the following parameters have been chosen for the reconnection region: E f = 10 8 V cm -1 and s = 4 X 10 16 em. The applied value of the curvature radius is four orders of magnitude higher than the assumed length of the reconnection region lrec=3 x 10 12 cm, but is included within the permitted parameter space (scas':::;;s «seq), defined by equations (12) and (17). For the applied parameters of the reconnection region, the electrons (or positrons) move with the equilibrium Lorentz factor Yeq ~ 10 12 (equation 11). The simulations for three different values of the maximum magnetic field has been performed, and the y-ray photon spectra produced in the cascade averaged over 50 simulations are shown for Bo = 10 3 G ( . The y-ray spectrum emerging from the cascade initiated by the curvature y-ray spectrum which is emitted by electrons (positrons) moving with the equilibrium Lorentz factor defined by equation (11). The electrons move in the reconnection region with the electric field strength E f = 10 8 V em-I and the radius of curvature s = 4 X 10 16 cm. The magnetic field in which the cascade develops is defined by equation (19) with the maximal value Bo = 10 3 G at the distance Xo = 3 X 10 12 cm. The y-ray spectrum from complete cooling of the cascade secondary e ± pairs in the classical domain is shown by the dashed line. The dotted line gives the spectrum of y-rays emerging from the cascade in the quantum domain. The dot-dashed line shows the spectrum of curvature radiation produced in the reconnection region that does not cascade in the magnetic field since it is below the condition applied for e ± pair creation by a single y-ray photon in a magnetic field Bo.
( Fig. 6) , and 10 4 G (Fig. 7) . The dot-long dashed lines show the primary curvature spectrum emitted by electrons moving with Yeq' The sharp cut-off in this spectrum from higher energies is caused by the absorption of primary curvature y-rays in the magnetic field. This cut-off is somewhat artificial since it corresponds to the value of X" Xe± =0.05, which we applied as a separation between the classical and quantum domains. The dotted lines show the y-ray spectra produced in the quantum domain of the cascade. The dashed lines show the photon spectrum from complete cooling of the secondary cascade pairs in the classical domain. The contributions of particular spectra to the total emerging spectrum strongly depends on the average value of the parameter Xl" For the simulations with Bo = 10 3 G (Fig. 5) , which correspond to the average value of <Xl') ~ 0.04 (see equations 14 and 16), only a small part of photons from the exponential tail of the curvature spectrum is able to cascade. In such a case only the lower energy part of the total photon spectrum is dominated by the complete cooling spectrum of secondary pairs (spectral index 1.5) and the higher part is dominated by the primary curvature spectrum which does not cascade (spectral index 2/3). The contributions of the photon spectra from the complete cooling and the cascade in the quantum domain increase with the average value of X. For example, for the simulations with Bo = 10 4 G (Fig. 7) , the complete cooling spectra dominate the primary curvature spectrum, and the total cascade photon spectrum has the spectral index ~ 1.5.
secondary e ± pairs. These lengths are usually much shorter than the typical distance scale considered in our model which is given by the mass of the central black hole. For these reasons the synchrotron e ± pair cascade saturates relatively close to the surface of the accretion disc and the process of absorption of y-rays in the soft disc radiation may become important. As a result of this, the products of the cascade (discussed in Section 3) may participate in the inverse Compton pair cascade in the anisotropic disc radiation provided that the energy density of the disc photons is greater than the magnetic energy density measured in the reference frame which is at rest with the central black hole.
The cascade of such a type has been already discussed by Bums & Lovelace (1982) and more recently by Coppi et al. (1993) . Contrary to this, when the magnetic energy density dominates over the disc radiation energy density, the y-rays originated in the synchrotron pair cascade can be simply absorbed. The energy of created e ± pairs is reradiated as lower energy synchrotron photons. The picture that we discuss here is valid for the disc temperature less than Teye± (equation 3). By comparing the energy density of the radiation from the accretion dic, with the surface temperature Te),e± at the inner radius and the energy density of the magnetic field we can obtain the lower limit on the jet magnetic field, which for example for Irec = 3 X 10 12 cm is B i,min ~ 10 3 G. Note, that the disc radiation energy density drops faster along the jet than the energy density of the jet magnetic field with the profile defined by equation (19) (Bednarek et al. 1996b ). This fact assures the domination of the magnetic field also further from the disc. The y-rays from synchrotron pair cascade can be absorbed by the disc radiation but, if the jet magnetic field is stronger than B i, min' the created pairs lose energy mainly in the classical synchrotron process.
Since we consider the development of the cascade in the reference frame which is at rest with the black hole-accretion disc system, the relative cooling of secondary e ± pairs on the inverse Compton and synchrotron processes is independent of the relativistic motion of the fluid in the inner jet. It is contrary to the models which consider the production of y-rays in blazars by particles which are isotropic in the reference frame of the relativistic blob and coast in the disc radiation and the magnetic field of the blob (e.g. Maraschiet al. 1992 , Dermer & Schlickeiser 1993 , Blandford & Levinson 1995 .
Modification of the cascade y-ray spectrum by absorption in the disc radiation
The optical depth for the y-rays propagating in the anisotropic disc radiation has been computed by e.g. Carraminana (1992) and Bednarek (1993b) in the case of accretion disc around compact objects in X-ray binaries and by, e.g., Blandford & Levinson (1995) and Becker & Kafatos (1995) with the application to the escape problem of y-rays from radiation of the accretion discs around AGNs. Here we consider a simple case when the y-ray photon is injected close to the surface of the inner part of the accretion disc (so then close to the axis of the jet) and propagates along the jet axis. The optical depth for absorption of the very high energy y-rays is given by (e.g. Bednarek 1993b) © 1997 RAS, MNRAS 285,69-81
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where n(e, O')/de dO' dV is a differential energy density of photons emitted by the disc observed at the distance x along the y-ray photon path; Xo is a place at which the photon with energy Ey is produced and starts to propagate perpendicular to the disc surface; O'tot( cos (j', e, Ey) is a total cross-section for photon-photon pair production (Jauch & Radich 1980), and 8' is an angle between the direction of motion of the disc photon with energy e and the y-ray photon with energy E)'. Fig. 8 shows the results of numerical computations of the optical depth as a function of the energy of the y-ray photon in the case of the accretion disc around a black hole with a mass of 10 7 M o ' the inner radius at rin = 3rg and the outer radius rout = 10 4 r m' where rg = 2GMBH/C 2 • The disc has the Shakura & Sunyaev (1973) temperature profile with different temperatures at rin: Tin = 7, 6, 5, 4, 3 and 2 x 10 4 K It is assumed that the y-ray photon starts from the surface of the accretion disc with the thickness of the order of the gravitational radius of the black hole. For the above parameters of the disc, the optical depth for the y-rays with specific energies is greater than one if the maximum disc temperature is greater than ~ 10 4 K Having in hand the optical depths for the y-ray photons in the disc radiation we can consider the modification of the y-ray spectrum emerging from the synchrotron pair cascade during propagation of these y-rays in the disc radiation. As discussed above the cascade y-rays are only exponentially absorbed because of the secondary e ± pairs created in this absorption process of y-rays lose energy mainly by synchrotron radiation, preventing in this way the development of an inverse Compton cascade in the disc radiation. In such a case, the cascade y-ray spectrum emerging from the disc radiation is given by
dN~/dEy is the y-ray spectrum from the synchrotron pair cascade (Section 3). Fig. 9 shows the cascade y-ray spectrum initiated by the curvature radiation in the magnetic field with B .L,O = 3 X 10 3 G (see Fig. 6 ) after passing through the disc radiation with different disc temperatures at 'io' As a result of the absorption process, the cascade y-ray spectrum shows a broad absorption feature above Ey;::: 10 5 Me V which strongly depends on the disc temperature. However the photons with energies above ~ 10 8 Me V still have a high probability of escape from the disc radiation. Such photons can be absorbed on the radiation of the outer parts of the accretion disc around a black hole (parts of the disc outside 'out = 10 4 'iO)' on the isotropic radiation inside the host galaxy or on the microwave background radiation. The pairs created in absorption of these y-rays can produce the extended y-ray haloes around the host galaxies containing the AGN as considered by e.g. Sikora & Shlosman (1989) and Protheroe (1990) .
.--. . The modification of the cascade spectrum as a result of a simple absorption in the disc radiation. The cascade is initiated by the curvature radiation of electrons which move through the reconnection region with the parameters discussed in previous figures, except the magnetic field strength which has the profile defined by equation (19) with Bo=3 x 1(f G. The accretion disc, with the inner radius rin = 3rg and the outer radius rout = 10 4 rin, extends around a black hole with the mass M BH = 10 7 Mo and has different temperatures at rin equal to T;n = 6 X 10 4 K (long dashed line), 4 x 10 6 K (dot-dashed line), 2 x 10 4 K (dashed line), and 10 4 K dotted line). The full line shows the unabsorbed cascade y-ray spectrum.
4.2 Synchrotron cooling of secondary e ± pairs from absorption of y-rays
As we mentioned previously the e ± pairs created in the absorption of cascade y-rays in the disc radiation, cool predominantly by a synchrotron process. In order to obtain the spectrum of these synchrotron photons we assume that each member of the e ± pair takes on average half of the energy of the y-ray photon and that the pairs cool completely at the place of their birth. This assumption is justified since the cooling times of e ± pairs with such Lorentz factors are very short. Most of the cascade y-rays are produced just after emerging from the reconnection region (close to the accretion disc in comparison to the length of ITee), so then we can neglect the distance above the reconnectionregion at which cascade y-ray photons are produced and assume that it happens at the disc surface. The distance at which the cascade y-ray photon with energy Ey creates an e ± pair in the interaction with the disc photon can be determined by assuming that the y-ray interacts at a distance corresponding to the optical depth equal to unity. In order to find this place Xe±' the following condition has to be solved numerically for each cascade y-ray photon (35) where r(Ey,xy-+xe±) is given by equation (33). The dependence of the distance Xe± of production of the secondary e ± pair by the cascade y-ray as a function of the energy of y-ray is shown in Fig. 10 . We can determine the magnetic field at the distance Xe± using the assumed magnetic field profile in the jet (equation 19). Then the synchrotron spectrum from complete cooling of every e ± pair can be computed using log(E) [MeV] Figure 11 . The secondary y-ray synchrotron spectra produced by the secondary e ± pairs are marked by the dotted lines. The synchrotron spectra produced by the tertiary e ± pairs which are created by the secondary y-rays are marked by the dashed lines. The full lines show the total synchrotron photon spectra (secondary and tertiary) from absorption of the cascade y-rays in the disc radiation field. The parameters for the cascade are as in Fig. 9 , except the inner disc temperatures which are in this case equal to Tin=7, 6, 5, 3 X 10 4 K. The upper CUIVes correspond to the higher disc temperatures.
equation (27) . In Fig. 11 there are shown such photon spectra for different disc temperatures and other parameters as in Fig. 9 (marked by the dotted lines). It is clear that the most energetic parts of these spectra (especially for higher temperatures e.g. Tin =7-5 X 10 4 K) can be further absorbed in the disc radiation resulting in the injection of tertiary e ± pairs from absorption of secondary synchrotron y-rays. However, contrary to the secondary pairs, these tertiary pairs can originate far away from the disc. In order to decide if the secondary y-ray can be absorbed in the disc radiation and to find the place of conversion of the secondary y-rays into the tertiary pairs, we follow the procedure applied above for the cascade y-ray photons. The secondary y-ray spectrum has been divided into separate increments with the width of 0.2 in log scale. For the representative member of every increment the following condition has been solved in order to find the place x:l: of production of tertiary pairs ~(E,ec x,ec x le,) = 1
As previously we can now determine the magnetic field at the place of production of tertiary pairs and compute the photon spectrum from complete cooling of these pairs which we further call tertiary y-ray photons. The modification of the secondary y-ray spectrum by the absorption in the disc radiation has been performed by applying equation (34), but taking the optical depth seen by the secondary y-ray photon which starts at X~ef ::::;x~,ec and propagates up to the infinity (equation 33). The spectra of secondary y-rays log(E 7 ) [MeV] Figure 12. The total y-ray photon spectra expected from the synchrotron e ± pair cascade, initiated by the CUIVature radiation, with the effects of absorption of the cascade y-rays in the disc radiation and including complete synchrotron cooling of the secondary and tertiary cascade e ± pairs. The parameters for the synchrotron e ± pair cascade are the same as in Fig. 9 . The disc temperatures at inner disc radius are Tin =6 X 10 4 K(dotted line), 4 x 10 4 K(dashed line), 2 x 10 4 K (dot-dashed line), and 10 4 K (full line).
modified by the absorption in the disc radiation with different disc temperatures are shown in Fig. 11 by the full lines. The absorption effects in the photon spectrum are essential for the highest discussed disc temperatures (7-6 x 10 4 K). In this figure the photon spectra from the complete cooling of the tertiary e ± pairs are shown separately by the dashed lines. They contribute to the overall photon spectrum mainly in the hard X-ray-soft y-ray energy range. The total y-ray photon spectra from the synchrotron e ± pair cascade which take into account the absorption effects in the disc radiation are shown in Fig. 12 . The parameters of the cascade used in these computations are these same as in Fig. 9 . When we compare these photon spectra with the corresponding photon spectra from the pure absorption in the disc radiation presented in Fig. 9 , it becomes evident that the power in the spectrum above ~ 10 5 Me V is transferred to the lower energy range covered by the COMPTEL and the EGRET detectors on board of CGRO. However the broad absorption feature seen in Fig. 9 is partially covered by the secondary synchrotron y-rays produced by the secondary e± pairs. The contribution of tertiary y-rays is significant only for the highest considered disc temperatures.
DISCUSSION AND CONCLUSION
If the strong electric fields are induced during magnetic reconnection occurring in the accretion disc or the disc corona around the central black hole in AGNs, as postulated by some models (Haswell et al. 1992 ; Lesch & Pohl 1992) , then the particles may be accelerated to extremely high energies, of the order of ~ 10 20 -21 e V (Haswell et al. 1992) . It seems natural to suppose that the acceleration region is not exactly straight but has a certain radius of CUlvature. We show that if the radius of curvature is significantly smaller than Seq (defined by equation 12), then the particles move through the reconnection region with the equilibrium Lorentz factor determined by the balance between energy gains from the electric field and energy losses on the curvature radiation. A relatively small number of particles suffering such radiation-limited acceleration can produce very high fluxes of energetic curvature y-rays which under suitable conditions are able to develop a quantum synchrotron e ± pair cascade in the disc/jet magnetic field above the reconnection region. The necessary condition for that to occur is that the disc radiation field does not dominate the energy losses of accelerated particles, at least in the initial stage of the reconnection. In another case, the electric field is shielded by leptons created in the inverse Compton e ± pair cascade as discussed by Bednarek & Kirk (1995) .
Applying the profile for the perpendicular component of the magnetic field along the jet (above the disc), the development of the cascade in a strong magnetic field through production of an e ± pair by a single y-ray photon, and emission of synchrotron y-rays in the quantum domain by secondary e ± pairs are analysed by using the Monte Carlo method. The process of annihilation of cascade e ± pairs in the strong magnetic field (Harding 1986; Baring 1989 ) has been neglected in our approach, since it can be important only for high pair densities. The y-ray spectra emerging from the cascade are presented in Figs 5,6 and 7 for different initial perpendicular components of the magnetic field. As expected the cascade y-ray spectra have a power-law shape with the spectral index 1.5 which flattens from the higher energies because of the contribution of curvature radiation which does not cascade. Since the cascade saturates relatively close to the disc surface, we then discuss the absorption of cascade y-rays in the disc radiation. The inner disc temperatures ,have to be less than Tere± (equation 3) in order to be consistent with the applicability condition for our scenario. Such order of temperatures is suggested by the observations of the maximum in the ultraviolet bump in the spectrum of e.g. 3C 273. In Fig. 12 we show the modification of the cascade y-ray spectrum initiated by curvature radiation by the absorption in the disc radiation assuming different disc temperatures at the inner radius and a central black hole with the mass 10 7 Mo'
The y-ray spectra emerging from such a model (see Fig.  12 ) are computed assuming that the degree of collimation of the parts of the y-ray spectrum formed in the cascade process and in the synchrotron cooling of secondary and tertiary e ± pairs is this same. However, their collimation is determined by different geometries of the production regions. The collimation of the cascade y-rays is determined by the geometry of the reconnection region (by its curvature) and in the simplest ideal case may be very small, even of the order of lrec/s. The degree of collimation of the synchrotron emission of secondary and tertiary y-rays is probably lower. These radiations are collimated if the longitudinal component BII of the magnetic field in the jet is stronger than the perpendicular component B -L' In fact such a situation is expected in the very inner jet since BII drops faster along the jet than B -L' The degree of collimation should be in this case of the order of B -L/BII' Note that this value changes along the jet so then the synchrotron radiation produced by e ± pairs further along the jet has a lower degree of collimation. There is another possibility which may determine the collimation of synchrotron radiation.
The secondary e ± pairs from absorption of cascade y-rays can be captured by the irregularities in the jet which has an enhanced perpendicular component of the magnetic field. If such irregularities move relativistically along the jet with the Lorentz factor Yirr then the synchrotron radiation emitted by e ± pairs can be collimated within the cone with opening angle ~ 1hrr. The relativistic motion of the blobs in the jets of AGNs with the Lorentz factors of the order of 10 is commonly observed (Vermeulen & Cohen 1994) . Note that the secondary and tertiary e ± pairs are produced further along the jet from central black hole (see Fig. 9 for the typical propagation distances of cascade y-rays), so we do not expect that the inverse Compton losses may dominate their synchrotron losses since the energy density of the disc radiation drops much faster along the jet than the energy density of the magnetic field which can be additionally enhanced in the irregularities as a result of relativistic motion (Bednarek et al. 1996b) . If lower energy synchrotron radiation is not collimated, the cascade y-rays may interact with synchrotron photons, and the picture may resemble the case of isotropic synchrotron inverse Compton e ± pair cascade already discussed in the literature (Ghisellini 1993) .
In this simplified model we discuss only particles which are accelerated in the reconnection region with the homogeneous electric field and constant radius of curvature, which causes all particles to reach this same eqUilibrium Lorentz factor. However, in a more realistic case, it seems reasonable to suppose that the curvature radius of the acceleration region changes constantly and/or the electric field is inhomogeneous. There is also the possibility that the accelerated particles escape stochastically from the reconnection region leading to the power-law spectrum of particles which produce primary curvature y-rays (Colgate 1995) . So then, in a more general case, the resulting particle spectra can significantly differ from the monoenergetic one discussed here, leading to different spectral indices of emerging y-rays than envisaged in our analysis.
As mentioned in the introduction the y-ray emission from blazars has the form of huge, relatively short outbursts which are probably superimposed on a lower level persistent y-ray emission. These observations suggest that two general mechanisms of y-ray production might be engaged in blazars. We propose that the short y-ray outbursts can be caused by the synchrotron e ± pair cascades in the disc/jet magnetic field. In terms of our model the appearance of the y-ray outburst needs some special tuning of the parameters which describe the disc radiation field and the reconnection region (the disc inner temperature, the electric field strength and the length of the reconnection region). For the blazars with the outbursts observed only in the EGRET energy range, the general restrictions on the inner disc temperature are given by equation (3), since the absorption of the cascade y-rays in the disc radiation is important only above ~ 10 5 MeV. However for the y-ray outbursts observed above ~ 300 GeV from BL Lacs, Mrk 421 and Mrk 501, the inner disc temperature should be significantly lower than given by equation (3) and should be of the order of 10 4 K or less. Our model also predicts that the y-ray spectrum in the outburst stage can be significantly flatter than the average blazar y-ray spectrum observed in a quiescent stage. Note that the general flattening of the y-ray spectrum between the EGRET and the Whipple energy ranges is required by the observations of MRK 421, in which case the EGRET photon flux does not change proportionally to the Whipple flux.
The persistent y-ray emission from blazars can originate in other mechanisms which can be however complementary with our model for y-ray outburst emission. Two such possibilities can be envisaged. Even if the tuning conditions in the reconnection regions are not fulfilled, the particles can be accelerated in the electric field but they may not efficiently convert electric field energy directly into y-rays. Such particles (protons) can escape from the reconnection region directly or via conversion into relativistic neutrons. As a result the host galaxy of the blazar-type AGN can be fulfilled after some time by relativistic particles with the energy density orders of magnitudes higher than observed in our own Galaxy. As already discussed, although in other general models for the high-energy processes in AGNs (Protheroe & Kazanas 1983) , hadrons can be responsible for the lower level persistent y-ray emission, provided that they meet enough target in the host galaxy in the form of the background matter and low-energy photon field (e.g. Kirk & Mastichiadis 1989 , Mastichiadis & Protheroe 1990 , Begelman, Rudak & Sikora 1990 ). Another possibility exists that the plasma injected from the inner disc as a consequence of energy extraction in the reconnection of disc magnetic field may create a relativistic shock at further distances along the jet, which can be responsible for the y-ray production on a longer time-scale in one of the recently proposed models that are mentioned in the introduction.
